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It is well established that nearly all high-quality (Q) Fano-like resonances in terahertz (THz)
metasurfaces broaden as asymmetry increases, resulting in a decline of Q-factor and an
increase in the resonance intensity. Therefore, in order to determine the optimal design for
applications in THz sensing, a Figure of Merit (FoM) is required. Previous studies have
identified the asymmetry regimes at which the peak FoM occurs for various, specific unit cell
geometries. However to date, there is no systematic comparison of the resulting FoMs for
common and novel geometries. Here, a THz planar metafilm featuring split ring resonators
with four distributed capacitive gaps is investigated to compare three unique methods of
implementing asymmetry: (1) adjacent L-bracket translation, (2) capacitive gap translation
and (3) increasing gap width. The results obtained find that by translating two gaps and
increasing the bottom gap width of the unit cell, the high-Q Fano-like resonances are 6×
higher than the FoM for the fundamental dipole mode. This work further informs the design
process for THz metasurfaces and as such will help to define their applications in photonics
and sensing.
PACS numbers: 81.05.Xj, 78.67.Pt
I. INTRODUCTION
Metamaterials are sub-wavelength periodic unit cells
engineered to exhibit effective macroscopic optical prop-
erties that can be exploited for the alteration of elec-
tromagnetic (EM) waves. The key attributes of meta-
materials are (1) their properties are governed by their
constituent material characteristics and geometry - not
by chemical composition, and (2) their scalable EM re-
sponse governed by the size of the sub-wavelength struc-
tures. The seminal unit cell to be demonstrated as a
suitable geometry for metamaterials is the split ring res-
onator (SRR), introduced at the turn of the century to
exhibit extraordinary spectral features unachievable by
natural materials1–3.
Since the experimental verification of the SSR as
a “building block” for metamaterials, many unit cell
designs have been explored by implementing sub-
tle structural variations into the SRR such as weak
asymmetry4, relative super-cell adjustments5,6, and
nested resonators7,8. One such variation, the symmet-
ric 4-gap square SSR geometries, exhibits polarization
insensitive unit cells ideal for sensing applications with
a)Electronic mail: burrowj2@udayton.edu
b)Electronic mail: thomas.searles@howard.edu
previous reports in the optical9, infrared10, microwave11
and THz12,13 regimes.
Breaking the symmetry in the unit cells of pla-
nar metamaterials enables access to different resonant
modes, which cannot be excited in the symmetric
configuration14. These resonant modes have been termed
as dark, sub-radiant or trapped because they couple
weakly to free space and require an external perturba-
tion, such as symmetry-breaking of the resonator geom-
etry, in order to be excited15–19. Similarly, structural
symmetry breaking also allows for the emergence of Fano-
like resonances20–22. The Fano spectral feature is usu-
ally defined as a resonant scattering phenomenon that
gives rise to an asymmetric lineshape due to the inter-
ference between a broad spectral line and a narrow dis-
crete resonance23–25. Such a sharp resonance has been
exploited for ultra-sensitive sensing and could lead to the
design of narrow band THz emitters/detectors and highly
selective filters. However, the high quality (Q)-factor of
the Fano-like resonance is obtained at the expense of its
intensity, which makes the Fano signature very challeng-
ing to be measured with low resolution and low signal-to-
noise ratio systems. Therefore, it is extremely important
to excite high Q resonances with strong intensities and a
Figure of Merit (FoM) can be studied to determine the
optimal asymmetric parameter26.
In this paper, we report a systematic comparison of
the FoM for asymmetric line shaped resonances in asym-
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2metric planar THz metamaterials designed from a parent
4-gap SSR exhibiting four fold symmetry. First, we intro-
duce asymmetry through shifting pairs of metallic arms
(Technique 1) such that we achieve near-neighboring in-
teractions between meta-atoms similar to our recent in-
vestigation of the 4-gap circle SSR27. Second, we incor-
porate structural asymmetry by shifting the capacitive
gaps (Technique 2) generating Fano-like resonances28.
Last, we adapt a new method of asymmetry (gap widen-
ing) to Technique 2 which doubles the FoM and increases
the number of modes within a 300 GHz window. Nu-
merical investigations and semi-analytical models are ap-
plied to provide further insights on each asymmetric case
which are in good agreement with the experimental ob-
servations. The results of this work demonstrate an ef-
fective process for the design of THz metasurfaces for
sensing and modulation applications where multi-mode,
high FoM characteristics are desirable.
II. DESIGN, FABRICATION AND EXPERIMENTAL
CHARACTERIZATION OF SYMMETRICAL METAFILM
We begin by describing the geometric parameters, nu-
merical simulations and experimental techniques for the
symmetric metafilm [Fig. 1(k)]. The relevant geomet-
ric parameters for the symmetric unit cell are the pe-
riodicities Px = Py = 300 µm, total length and width
of the metallic ring a = 250 µm and width of the ring
w = 35 µm. Numerical calculations were carried out
using the finite element method (FEM). In these calcula-
tions, the metafilm was illuminated at normal incidence,
under TE-polarization (E // y-axis) or TM-polarized ra-
diation (E // x-axis). Periodic boundary conditions were
applied in the numerical model in order to mimic a 2D in-
finite structure. In simulations, the polyimide substrate
was treated as a dielectric with ε = 3.3 + i0.0529,30 and
the silver (Ag) was modeled as a lossy metal with a con-
ductivity of 3.1 × 107 S/m to account for lower conduc-
tivities commonly observed in actuality.
Each metafilm was fabricated using standard optical
lithography to deposit 100 nm of Ag with a 10 nm adhe-
sive layer of chromium on commercially available 50.8 µm
polyimide substrates. Transmission measurements were
performed using linearly polarized collimated radiation
from a continuous-wave (CW) THz spectrometer (Ter-
aview CW Spectra 400). The high spectral resolution
(100 MHz) is maintained by the precision of the temper-
ature tuning of two near-IR diode lasers and not by a me-
chanical delay stage as found in a conventional THz time-
domain spectroscopy. The transmission spectrum from
each sample was determined as T (ω) = PM (ω)/Psub(ω),
where PM (ω) and Psub(ω) are the filtered THz power
spectra of the planar metafilm and flexible substrate re-
spectively.
The simulated (solid black line) and measured (dashed
black line) transmission spectra for the symmetric 4-gap
metafilm are plotted in Fig. 1(a) and are in good agree-
ment with each other. A fundamental resonant feature
f0 ∼ 0.56 THz and a weakly pronounced higher order
transmission dip f1 ∼ 0.75 THz are observed with simu-
lated Q-factors Q0 = 5.94 and Q1 = 15.52, respectively.
FIG. 1. Evolution of the simulated (solid lines) and measured
(dashed lines) transmission spectra for an y-polarized (a)-(e)
and x-polarized incident THz wave (f)-(j). (k)-(o) Schematics
of the SRR unit cells with various degrees of asymmetry.
Here, the Q-factor is defined as Q = f0/∆f where f0 is
the resonant frequency and ∆f is the full width at half
maximum (FWHM) of each transmission dip. The pa-
rameters were extracted from a least-squares fit to an
asymmetric lineshape profile of the transmission spec-
trum defined as
T (f) = A
[Λ + (f − f0)/∆f ]2
1 + (f − f0)2 (1)
where A is the amplitude, f0 is the resonant frequency,
Λ yields the lineshape asymmetry parameter and ∆f is
the full width half maximum (FWHM) of the mode4.
Quality factor and resonance intensity (referred to as
modulation depth (MD) herein and defined as the differ-
ence between the maximum and minimum transmission
amplitude of the resonance) are two important parame-
ters used to characterize modes for photonics and sensing
applications; therefore, we consider FoM calculations of
each transmission dip as FoM = Q×MD26. Due to the
four-fold rotational symmetry imposed by the geometry
of the design, the metafilm has identical response for an
incident TM-polarized radiation (i.e., E //x -axis) [see
Fig. 1(f)].
III. TECHNIQUE 1: L-BRACKET SHIFTING
ASYMMETRY
The first methodology introduces asymmetry into the
design by offsetting the right and left arms of the SRR
3a distance δy ranging between 0 µm - 80 µm along the
y-axis, as shown in Figs. 1(l)-1(o), similar to our previ-
ous work27. Wang et. al. disassociated a single arm of
a circle SSR via translation which resulted in an ultra-
high Fano-like mode31. In the case where E // y-axis,
as δy increases, f0 and f1 red shift and the modulation
depth of f0 remains relatively constant as f1 increases,
depicted in Fig. 2(a). When E // x-axis, we observe the
excitation a similar broad fundamental resonance and a
weakly coupled higher order mode that both blue shift as
a function of asymmetry as depicted in Figs. 1(f)-1(j).
Both modes in this polarization case exhibit low FoMs
and are in turn neglected in mode analysis.
FIG. 2. (a) Modulation depth, (b) Q-factor and (c) Figure
of merit (FoM) of f0, f1, and f2 as a function of asymmet-
ric shift. (d)-(f) Surface current distributions of asymmetric
structure (δy = 60 µm) at 0.55 THz, 0.71 THz and 0.85 THz,
respectively
With respect to the case where E // y-axis, the red-
shifts of the two transmission dips, f0 and f1, to lower
frequencies can be understood within an equivalent cir-
cuit scheme. For example, SRRs at THz frequencies are
analogous to micro-scale LC resonators where effective
inductance arises from the loop formed by the SRR and
the effective capacitance is built up within the gap region
between the SRR arms. Altering the structural geometry
of the resonators results in a change in the effective induc-
tance (L) and effective capacitance (C). Therefore, the
frequency of the transmission dip will also be changed.
Offsetting the right and left arms of the SRRs results
in an increase of the equivalent length of the resonators,
which suggests an increase in the equivalent inductance
involved in the LC resonance. Since the resonance fre-
quency fLC is inversely proportional to the square root
of the inductance (L) given by the following relation:
fLC = 1/(2pi
√
LC), the spectral feature shifts to lower
frequencies with increasing the equivalent inductance.
Additionally, with increasing asymmetry, a high Q
mode f2 emerges that increases in modulation depth.
Interestingly, the excitation of f2 creates a transmission
window similar to the results reported in the 4-gap circle
SRR with the exception of the spectrally trapped mode
f1 between the fundamental and higher order mode
27.
To better understand the origin of the resonances, we
have plotted the surface current distributions at the fre-
quency resonances f0, f1 and f2 for δ = 60 µm), as
shown in Figs. 2(d)-2(f). For the fundamental mode
f0 = 0.55 THz, the surface currents mainly flow in the
right and left arms of the SRR, where the currents ver-
tically converge to the bottom gap and diverge from the
top gap, thus suggesting a dipole-like resonant behavior
[Fig. 3(a)]. For the higher order resonance frequencies
f1 = 0.71 THz and f2 = 0.85 THz, the surface current
flows are all with chaotic directions and with distinctive
nodes, as shown in Figs. 2(b)-2(c). In this case, the top
and bottom horizontal arms of the SRR show antiparallel
surface current distributions, as well as the vertical right
and left arms.
As previously mentioned, since the MD is enhanced at
the cost of Q factor, it is useful to explore the trade-off of
the Q-factor [see Fig. 2(b)] and monotonically increas-
ing modulation depth [see Fig. 2(a)]32. The FoMs for
Method 1 is calculated and plotted in Fig. 2(c) for each
transmission feature. Although the higher order reso-
nance f2 exhibits a high Q-factor of 36.91 for δy = 40 µm
the incident THz field is weakly coupled resulting in a
MD = 12%, and further exhibiting a relatively low FoM
when compared to other resonances. The maximal FoM
value of 17.47 for δ = 60 µm is observed for δy = 60 µm
where the SSR begins to couple to the neighboring unit
cell of the metasurface.
IV. TECHNIQUE 2: DUAL GAP TRANSLATION
ASYMMETRY
Beginning with a fully symmetric 4-gap SRR array, the
second asymmetry can be generated by simultaneously
right-shifting the top and bottom capacitive air gaps a
distance δx in the range 14.5 - 72.5 µm, as shown in Fig.
3(a). This method of asymmetry has been extensively
studied to exhibit an effective route to excite Fano-like
resulting from the interference between a sharp resonance
and a smooth continuum-like spectrum33. The simulated
(solid lines) and measured (dashed lines) transmission
spectra for increasing values of δx are shown in Figs.
3(d)-3(h). Despite of some deviation between the simula-
tion and experimental results, which may be mainly due
to imperfections in sample preparation, they are overall
in quite good agreement with one another.
One can clearly observe the excitation of two asym-
metric line shaped modes at f1 = 0.43 THz and f2 =
0.65 THz, which represent Fano-like resonances with Q-
factors of about 29.71 and 39.18, respectively. To under-
stand the nature of the double Fano excitations, we have
simulated in Figs. 3(b) and (c) the surface current dis-
tributions when δx = 14.5 µm at f1 and f2, respectively.
For the first sharp resonance at 0.43 THz, we observe
anti-parallel currents in the right and left arms of the
SRR. Anti-symmetric currents create fields that interfere
destructively resulting in radiation suppression and low-
loss light propagation. This particular resonance is sim-
ilar in nature to the inductive capacitive (LC) resonance
in a single-gap SSR, as the resonance results in current
configuration that forms a closed loop, which gives rise
to a magnetic dipole moment perpendicular to the MM
plane. The surface currents at f2 = 0.65 THz flow in
such a way that the unit cell of the structure can be ge-
4FIG. 3. (a) Unit cell of the designed asymmetric SRR MM. (b)-(c) distributions of surface current at two corresponding
resonance frequencies f1 = 0.43 THz and f2 = 0.65 THz when δx = 14.5 µm. (d)-(h) Evolution of the simulated (solid lines)
and measured (doted lines) transmission spectra for different values of δx. (i) Measured FoM curves for f1 = 0.43 THz and
f2 = 0.65 THz, respectively.
ometrically regarded as the combination of an U-shaped
resonator (USR) and a cut wire resonator (CWR). In this
case, the resonance is due to a dipole-like parallel current
distribution as seen in Fig. 3(c). Additionally, it can be
seen that the intensity of f1 increases with increasing the
degree of asymmetry (i.e. increasing δx) with a modula-
tion depth of about 40% for δx = 14.5 µm and around
75% for δx = 72.5 µm. Similarly, for f2 the modulation
depth increases as δx increases.
The degree of asymmetry is an important parameter
controlling the electromagnetic resonant frequency and
transmitted intensity34. According to Figs. 3(d)-3(h),
one can observe that the degree of asymmetry also af-
fects the line-width and thus the Q-factor of the Fano
resonances. In the case of lowest degree of asymmetry
(i.e. δx= 72.5 µm), the high Q-factor asymmetric Fano
resonance f2 in the SRR arises from the structural asym-
metry which leads to interference between sharp discrete
resonance and a much broader continuum-like spectrum
of dipole resonance f0. This narrow resonance arises from
a sub-radiant dark mode for which the radiation losses
are attenuated due to the weak coupling of the structure
to free space4. Such dark modes are exploited to demon-
strate EIT-like effects in MMs, which could opens up
avenues for designing slow light devices with large group
index35. The resulting close proximity between the fun-
damental and high frequency resonances creates a strong
coupling effect that reshapes the transmission curves as
shown in Figs. 3(d)-(h). The Fano-like resonance mode
located at f1, however, is far ahead from the broad dipole
mode, therefore, coupling with f0 will not take place.
Upon increasing the asymmetry, the dipole resonance
f2 broadens and increases in intensity (decreases in trans-
mission amplitude), since the SRR metafilm couples more
efficiently to the free space and becomes highly radiative.
Interestingly, the fundamental broad dipole-like resonant
mode that initially appears at f0 gradually decreases in
intensity and is completely suppressed in the highest de-
gree of asymmetry (i.e., δx = 72.5 µm), thus completing
a switching between single-mode f0 and dual-mode op-
erations f1 and f2. This may paves the way towards the
development of reconfigurable photonics devices based on
symmetry-breaking planar THz MMs. For an intermedi-
ate value of δx = 29 µm, one can observe a narrow trans-
parency window at 0.62 THz, with an amplitude as high
as 72% between two quasi-symmetric resonance dips at
around f0 = 0.58 THz and f2 = 0.66 THz, respectively,
which is very similar to an electromagnetically induced
transparency (EIT) signature [see Fig. 3(e)].
Here again, since the Fano resonance intensity is en-
hanced at the expense of the Q-factor, it is crucial to ex-
plore the trade-off between the resonance intensity and
the Q-factor by calculating the FoM. Figure 3(i) shows
the calculated FoM for both Fano-like modes f1, and f2.
As we can see, the best numerical FoM of 10.17 with
Fano resonance intensity (modulation depth MD) of 0.49
and Q-factor of 20.59 is obtained for f1, at which the
asymmetry parameter δx = 29 µm.
V. TECHNIQUE 3: INCREASING CAPACITIVE GAP
VOLUME
In order to increase the number of resonances and
FoMs stemming from the optimal design in the previous
case, let us consider the asymmetric structure investi-
gated in Fig. 3(a) with an intermediate value of δx =
29 µm, where multiple modes with high intensity are ob-
tained [see Fig. 3(e)]. By modifying the width of the
bottom capacitive gap w2 (w1 is kept unchanged as well
as the other geometrical parameters), another asymme-
try will be created, as shown in Fig. 4(a). Figure 4(d)
show the simulated, analytically modeled and measured
transmission spectra through the metasurface for differ-
5FIG. 4. (a) Schematic view of the designed wide gap asymmetric metasurface with δx = 29 µm, w1 = 35 µm and w2 varying
in the range 70 µm - 122 µm. (b) Surface current distribution in a single MM unit cell at f3 = 0.7 THz, when δx = 29 µm,
w1 = 35 µm and w2 = 100 µm. (c) Circuit model for metafilm samples. (d) Simulated, analytical and measured transmission
spectra for δx = 29 µm, w1 = 35 µm and w2 varying in the range 70 µm - 122 µm. (e) Simulated FoM curves for f0, f1, f2
and f3, respectively.
ent values of w2 with fairly good agreement. As can be
seen, an additional Fano resonance emerges at f3 = 0.7
THz. The surface current flows at 0.7 THz are all with
chaotic directions and with distinctive nodes, as shown
in Fig. 4(b).
By gradually increasing the width of the bottom ca-
pacitive gap w2, one can observe a blueshift of the trans-
mission spectrum in both simulations and measurements.
This noticeable blueshift of the spectral features can
be interpreted in the context of an equivalent circuit
model. In general, the fundamental resonance frequency
of SRRs-based metasurfaces is approximately given by
f0 = 1/(2pi
√
LC), where L is the loop inductance and C
is the gap capacitance. At resonance, the incident elec-
tric field induces a large accumulation of surface charges
in the metal strips forming the gaps, causing a strong
electric field confinement in the capacitive gaps. When
the structural geometry of the SRR MM is altered by
increasing the width of w2, there is a decrease in the
effective capacitance. As the resonance frequency is in-
versely proportional to the capacitance, the resonance
frequency shifts to higher frequencies with increasing the
gap width.
In order to confirm the resonant behavior of the 4-gap
asymmetric SRR metasurface, we employ a semi-analytic
transmission line (TL)-RLC model36. The circuit model
of our design under the TL theory is shown in Fig. 4(c),
which is represented by three RLC circuits in parallel
combination and inductively coupled through mutual in-
ductances M12 and M23, respectively. We assumed SRR
as an equivalent RLC circuit where it is typically con-
sidered that split gap corresponds to the capacitive part,
the SRR loop corresponds to the inductive part and the
internal reactance of SRR is represented by the resistance
part. From the circuit model shown in Fig. 3(c), one can
calculate the circuit impedance Zct(ω) as,
Zct(ω) =
Z1,2Z3 + ω
2M2
[Z1,2 + Z3 − 2jωM ] (2)
where ω and M represent the angular frequency and
the mutual inductance respectively. Z1,2 is the equiv-
alent impedance due to the parallel combination of cir-
cuits R1L1C1 and R2L2C2, respectively. Z3 corresponds
to the impedance of circuit R3L3C3. These complex
impedances can be written as Zi(ω) = Ri + j(ωLi −
1/ωCi), where i = 1, 2 and 3, respectively. The equiva-
lent impedance Z1,2 is given by
Z1,2(ω) =
Z1Z2 + ω
2M21,2
[Z1 + Z2 − 2jωM1,2] . (3)
One can note that the circuit impedance Zct does not
include the impedance due to the dielectric substrate.
In Fig. 4(c), Z0 and Zsub represent impedances of free
space and polyimide substrate, respectively. The values
of Z0 and Zsub are 377 Ω and 219.5 Ω (Z0/
√
r), where r
is the relative dielectric constant of the polyimide film),
respectively. The overall impedance Z(ω) of our design
including the effect of Zct and Zsub in parallel combina-
tion can be written as
Z(ω) =
Zsub(Z1,2Z3 + ω
2M2)
Zsub(Z1,2 + Z3 − 2jωM) + (Z1,2Z3) + ω2M2) .
(4)
The normalized transmission amplitude, T (ω) of this
transmission line-RLC circuit model is given by
T (ω) =
2Z(ω)
Z0 + Z(ω)
. (5)
6g2 R1 L1 C1 R2 L2 C2 R3 L3 C3 R4 L4 C4 M1,2 M1,2,3 M1,2,3,4
(µm) (Ω) (pH) (fF) (Ω) (pH) (fF) (Ω) (pH) (fF) (Ω) (pH) (fF) (pH) (pH) (pH)
70 30 180 0.7 5 235 0.34 5 222 0.265 0.5 180 0.28 -40 -10.5 -3
90 50 180 0.65 5 235 0.34 5 221 0.26 0.5 180 0.275 -40 -10.5 -3
100 70 180 0.65 5 235 0.335 5 221 0.255 0.5 180 0.267 -40 -10.5 -6
110 95 180 0.6 5 236 0.335 10 221 0.25 0.5 180 0.265 -45 -3 -8
120 120 180 0.61 5 236 0.318 10 221 0.25 0.5 180 0.26 -45 -2 -6
TABLE I. Circuit parameters for matching TL-RLC model to simulated data. Resistor values are given in Ohms, capacitor
values in femtofarads, and inductor values and coupling coefficients in picohenries.
We used equation (5) to calculate the transmission
spectra and predict the resonant frequencies for specific
values of R1, L1, C1, R2, L2, C2, R3, L3, C3,M1,2 and M ,
respectively, which are defined in Table 1. These values
are obtained by fitting the transmission amplitude from
the simulation using equation 4. One can notice that the
calculated transmittance is in good agreement with the
numerical simulations and experimental measurements.
The overall performance of the proposed series of de-
vices shows a superior behavior to earlier designs. This
proposed method allows for the excitation of four dis-
tinct modes over a 300 GHz window, which increases the
potential for multi-spectral sensing applications. More
importantly, the higher order modes exhibit high FoMs
when compared to other methodologies, while exhibiting
the Fano-like modes f1 and f2.
VI. CONCLUSION
To conclude, we have performed a resonance engi-
neering investigation of uniquely designed asymmetric
metafilm devices, both numerically and experimentally,
that exhibit multiple sharp Fano-like resonances in the
THz frequency regime. The double asymmetric case out
performs cases 1 and 2 in terms on number of excited
modes and largest observed FoM when δx = 29 µm and
w2 = 122 µm. Additionally, the FoM for modes f2 and
f3 exhibited a proportional relationship with asymmetry.
A semi-theoretical circuit model was employed to explain
the coupling between the incident THz field to the plas-
monic modes of the structure. Numerical simulations al-
low further interpretation of the experimental results ob-
tained from a linearly polarized CW THz measurement
system used to measure the transmission spectra of the
proposed metadevices, which agree reasonably well. Our
results are very promising suggesting optimized designs
for THz driven switches, multi-spectral filters, and highly
sensitive sensors.
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